. The site-specific deletion has a major impact on the local chromatin structure at HSI, on chromatin modification throughout the hGH LCR, on promoter occupancy by a critical trans factor, and on activation of hGH-N gene expression. These data support a model in which long-range activation of the hGH-N gene promoter by HSI is mediated by site-specific recruitment and subsequent spreading of HAT coactivator activity over this large domain.
Results

Deletion of Two Pit-1 Binding Sites at HSI of the hGH LCR
To investigate the function of HSI within its native context, two of its functional Pit-1 binding sites (Shewchuk et al., 1999) were deleted from an 87 kb human genomic transgene encompassing the entire hGH LCR and much of the contiguous hGH gene cluster (hGH/P1; Figure  1A ). Prior studies had demonstrated that the hGH/P1 transgene constitutes a reliable model of hGH LCR function. It encompasses all determinants necessary to direct tissue-specific, copy number-dependent, and siteof-integration-independent control of the various genes in the hGH cluster ( cotransformed into a recA Ϫ E. coli strain transformed along with the target hGH/P1 plasmid carrying a kanamycin (Kan) resistance gene. Cointegrants formed by blot of F1 tail DNA from each line (data not shown). The recombination between one of the "arms" (A or B; arm transgene copy numbers were determined by Southern A in Figure 1B) were selected by dual antibiotic resisanalysis. Founders were crossed with CD1 mates to tance (Tet and Kan) at 43 Њ C, and the recombination event generate F1 transgenic mice that were used for all subwas confirmed by targeted PCR. A subset of the cointesequent studies. grant plasmids undergoes a second (resolution) recombination event through either arm A or B (arm B in Figure  1B ). The resolved P1 plasmids were selected on the Pit-1 Binding Sites Constitute Core Components of HSI basis of antibiotic sensitivity and growth at 43 Њ C. Clones containing the deletion were identified by colony hybridThe impact of deleting the two Pit-1 binding sites at HSI was first assessed at the level of chromatin structure ization, and their structures were confirmed by DNA sequencing. The overall structure of the deletion hGH/ (Figure 2 ). DNaseI mapping was performed on nuclei isolated from the pituitaries of hGH/P1 mice and mice P1 plasmid was confirmed by a "fingerprinting" assay; aside from the intentional 99 bp deletion, no other recarrying the hGH/P1 with the Pit-1 binding site deletion.
In this experiment and in those that follow, the somatoarrangements, deletions, or insertions in the derivative clone were observed ( Figure 1C) . trope population was selectively expanded to facilitate chromatin analysis by crossing each transgenic line with The deleted hGH/P1 clone was linearized within vector sequences and was microinjected into fertilized a line carrying a human growth hormone releasing factor (hGRF) transgene (Mayo et al., 1988) . The pituitaries of mouse oocytes. Six independent transgenic mouse lines carrying the mutated hGH LCR were generated. The the doubly transgenic mice were five to ten times normal size due to hGRF-mediated somatotrope hyperplasia. integrity of the transgenes was determined by Southern Figure 3A ). To control using the combined antibodies. The levels of acetylation for DNA loading on the hybridization membrane, the were above baseline throughout the domain and peaked ratio of bound (immunoprecipitated) to unbound DNA centrally at HSI,II in both cases. Differences between at each site was normalized to the corresponding ratio the patterns of H3 and H4 acetylation were also noted. detected by rehybridizing the membrane with a mouse H3 acetylation appeared to be most prominent 5Ј to HSI, total genomic DNA probe; this total genomic acetylation with lower levels in the region between HSI and the ratio (bound:unbound) was defined as 1.0. Each of the hGH-N promoter. In contrast, the pattern of H4 modificanormalized ratios was plotted as a function of its position tions was fairly symmetrical. The selective drop in H3 along the locus ( Figures 3A and 3B ). In agreement with modification 3Ј to HSI may underlie the asymmetry of prior studies (Elefant et al., 2000a), the pituitary chromathe combined H3 and H4 acetylation curve, which drops tin from the two hGH/P1 lines contained a 32 kb acetymore steeply in this region compared with the more lated domain. This chromatin domain peaked centrally gradual taper 5Ј to the central peak ( Figure 3A ). at a site coincident with pituitary-specific HSI,II and exChIP analysis with the individual antibodies to acettended in a tapering fashion for approximately 16 kb in ylated H3 and H4 was next carried out on a representaboth 5Ј and 3Ј directions ( Figure 3A ). The level of hGH-N tive hGH/P1(⌬HSI) line. Deletion of HSI resulted in a promoter acetylation at the 3Ј terminus of this domain generalized loss of both H3 and H4 acetylation throughwas approximately 3.5-fold over total genomic backout the hGH locus ( Figures 4A and 4B ). These data were ground levels; the acetylation of HSV at the 5Ј border of in full agreement with the acetylation patterns observed the domain was at similar levels. The histone acetylation in the three hGH/P1(⌬HSI) lines using the mixed antisera patterns in these two hGH/P1 lines were essentially ( Figure 3B ). Of additional note, the levels of both H3 and identical ( Figure 3A ) and faithfully recapitulated the pat-H4 acetylation at the hGH promoter were reduced to tern observed previously in primary human somatobackground genomic levels (ratios of 1.0 and 1.1, retropes (Elefant et al., 2000a). The consistency of these spectively). Interestingly, low residual levels of acetyladata indicated that the pattern of acetylation observed tion of H4 (approximately 2-fold over background), but in the hGH/P1 transgene was established in a site-ofnot H3, were maintained from HSII through HSV in the integration-independent manner. hGH/P1(⌬HSI) lines. The levels of histone H3 and H4 The role of HSI in establishing the acetylated domain acetylation outside of the HSI-dependent domain were at the hGH locus was next assessed by ChIP analysis unaffected by the presence or absence of HSI function (p7 and p10 in Figures 4A and 4B ). of representative deletion lines. These studies revealed Figures 3 and 4) . The In previous studies, we showed that an array of Pit-1 binding sites at HSI mediates pituitary-specific and effect of HSI on histone acetylation appeared to be moter was uniquely dependent on HSI function ( Figures  3 and 4) . The levels of acetylation in hGH/P1(⌬HSI) were consistently below those seen in the intact hGH/P1 transgene. The one exception was at HSV where the level of acetylation in two of three lines was comparable to that in the intact LCR when assessed with pooled antibodies. When studied in more detail, it was found that specific H4 acetylation at HSV remained more than 2-fold above genomic background in the HSI deletion line levels (ratio of 2.4), whereas acetylation of H3 was reduced to background level. The selective and focused maintenance of H4 histone acetylation at HSV suggests that an H4-specific HAT coactivator with a spatially limited modifying activity may be independently targeted to this site. Thus, HSV may have a distinct role in LCR function. Although robust activation of the hGH-N promoter was found to be dependent on HSI, the tissue specificity and copy number dependence of hGH-N transgene ex- with minimal promoter elements resulted in the same low-level, copy number-dependent, and site-of-integration-independence as seen with the hGHP1(⌬HSI) transunique and nonredundant, consistent with its impact on gene ( Figure 5A) (Jones et al., 1995) . The present study hGH-N transcriptional activation. These data constitute suggests that HSIII has no significant role in expression an initial in vivo demonstration that core histone acetylaof the locus ( Figure 5A ). In addition, HSV appears to tion of an entire domain can be dependent on a single independently recruit coactivators (see above). Thus, a LCR determinant. model of hGH LCR action consistent with our results The impact of LCR deletions on chromatin acetylation would include HSV as a border determinant that serves has been studied previously in a number of model systo insulate the hGH locus from outside influences, while tems. The results of these studies differ in important HSI would function over substantial distances as a chroaspects from the observed global loss of acetylation matin-dependent transcriptional enhancer. within the hGH LCR subsequent to HSI deletion. For
The specific and nonredundant actions of HSI on core example, deletion of the intensively studied HS2-5 of histone acetylation and long-range hGH-N gene activathe human ␤-globin LCR failed to affect the general tion suggest that these two activities are mechanistically pattern of histone H4 acetylation at the ␤-globin translinked. This is supported by the specific and essential gene locus. The authors suggested that H4 hyperacetyrole played by the 99 bp HSI fragment in domain acetylalation at the ␤-globin locus is independent of the LCR tion and remote hGH-N activation (Figures 3, 4 , and 5) (Schubeler et al., 2000) . In a separate report, it was and by the general relationship between core histone observed that although deletion of the murine ␤-globin acetylation and gene expression (Pazin and Kadonaga, LCR decreased the rate of ␤-globin transcription, it did 1997; Struhl, 1998). A linked action of HSI on histone not alter the acetylation status of H3 or H4 at the promotacetylation and on gene activation is further supported ers, suggesting that establishment of histone H3 and by the observation that Pit-1 interacts with the HAT H4 acetylation at the ␤-globin gene promoters is indecoactivators CBP/p300 (Xu et al., 1998). On the basis pendent of LCR function (Schubeler et al., 2001 ). Analyof these data, the initial event in hGH LCR function is sis of the murine Ig LCR showed that deletion of a postulated to be the localized recruitment of HAT coactidefined MAR element significantly reduced histone vators to Pit-1 bound to its cognate sites at HSI. The acetylation at a distal site but had no effect on modificasubsequent extension of the acetylated domain from tion at more proximal intervening sequences ( and an appropriate volume of reaction (50 g nuclei) was removed transformed into E. coli DH10B carrying the wild-type hGH/P1 plasat different time points and added to another tube containing 1/10 mid, and the transformants were grown on Tet-(10 g/ml) and Kan volume of 0.5 M EDTA. An equal volume of solution S (1.6 M NaCl, (25 g/ml)-containing plates at 30ЊC overnight. Six to eight colonies 1% SDS, and 200 g/ml proteinase K) was added to the tube. The were picked and spread on Tet and Kan plates, incubated at 43ЊC tubes were incubated at 55ЊC overnight. The samples were phenol/ overnight, and the surviving colonies were screened for cointegrants chloroform extracted, EtOH precipitated, and suspended in TE (10 by PCR between primers located 5Ј of the A arm and within the B mM Tris, 0.1 mM EDTA). The DNAs were subjected to EcoRI digesarm. Cointegrants were then plated onto Kan LB plates and grown at tion, electrophoresis on a 0.8% agarose gel, and then transferred 43ЊC overnight to select for the second "resolution" recombination to Zetabind nylon membranes. The membrane was hybridized with followed by selection on Kanϩ fusaric acid (TB) plates (Yang et al., 1-2 ϫ 10 6 cpm/ml random primer-labeled probe at 65ЊC overnight 1997) at 37ЊC for 48 hr. Fusaric acid was used to select for Tetand subsequently washed at 65ЊC in 0.1ϫ SSC and 1% SDS. sensitive colonies (Bochner et al., 1980; Maloy and Nunn, 1981). The desired clones were identified by their lack of hybridization to a probe representing the deleted segment. P1 DNA was sequenced Immunoprecipitation of Unfixed Chromatin Preparation of unfixed chromatin and the chromatin immunoprecipiacross the deletion site to confirm that the recombination occurred at the desired position. A "fingerprinting" approach ( Figure 1C) was tation (ChIP) assay were carried out as described (Elefant et al., 2000b). Briefly, 0.3 mg nuclei were digested with 25 U of micrococcal carried out to confirm that there were no rearrangements or additional deletions anywhere in the hGH/P1⌬HSI clone; hGH/P1 and nuclease at 37ЊC for 6 min in 1 ml 50 mM NaCl, 20 mM Tris-HCl (pH 7.5), 3 mM MgCl 2 , 1 mM CaCl 2 , 10 mM sodium butyrate, and 0.1 hGH/P1⌬HSI DNAs were digested with EcoRI and BglII, electrophoresed through 0.8% agarose gels, transferred to Zetabind nylon mM PMSF. The reaction was stopped by the addition of Na 2 EDTA to final concentration of 0.5 mM and salt-soluble chromatin was membrane (Cuno Inc, Meriden, CT), and hybridized with random primer-labeled HindIII-digested hGH/P1 DNA at 65ЊC overnight. The isolated as described (Hebbes et al., 1994) . Soluble chromatin was concentrated using a Microcon centrifugal filter (Amicon Inc., Bed2000a Bed , 2000b ). Probes for DNaseI HS mapping were generated by PCR using the following primer sets-the HSI,II probe: 5Ј primer, ford, PA) and 250 g of this chromatin input was incubated with 10 l each of the antibodies specific against acetylated H3, H4 (Upstate 5Ј-ACAGGCTGCAGCCGGTGCAGTT-3Ј and 3Ј primer, 5Ј-CCCTC CTGCAGGGACTGGGTCC-3Ј; the HSIII-V probe: 5Ј primer, 5Ј-CTAG Biotech., Lake Placid, NY), or in the absence of antibody in a total volume of 500 l. Protein A-Sepharose (Amersham Pharmacia Bio-GGAATTCCTGAGCTGGCC-3Ј and 3Ј primer, 5-GGAGAACCCGGG CACCAGTGT-3Ј; the primer set for amplification of the hGH-N protech) precipitates were generated and washed, and DNA was purified from the pellets (bound) and supernatants (unbound) as demoter was 5Ј primer, 5-CAGGGCTATGGGAGGAAGAGCTT-3Ј and 3Ј primer, 5-CTTCTCCCACTGTTGCCC-3Ј; and the primer set for scribed (O'Neill and Turner, 1996). DNA samples from the input, bound, and unbound fractions were analyzed by electrophoresis on amplification of TSH␤ promoter was 5Ј primer, 5Ј-GTTTCCAGGGA GAGGATATAGTG-3Ј and 3Ј primer, 5-ATCTTACAGGTTCTGCA 1% agarose gels to determine the size distribution of the resulting oligonucleosomes. 1 g of DNA from each of the fractions was CAGGG-3Ј. loaded onto Zetabind nylon membranes using a slot-blot manifold. The blots were hybridized with 1-2 ϫ 10 6 cpm/ml random primer
